Klebsiella pneumoniae is an opportunistic pathogen responsible for an important proportion (4 to 8%) of nosocomial infections (14, 24) . K. pneumoniae isolates are increasingly resistant to multiple antimicrobial agents, including quinolones (5, 23) , and, owing to the production of extended-spectrum beta-lactamases (ESBL), extended-spectrum cephalosporins such as ceftazidime (22) . Hospital outbreaks of K. pneumoniae isolates are frequent, and the interhospital dissemination of resistant strains has been described previously (1, 20) .
Phenotypic methods developed for typing Klebsiella isolates include phage typing, bacteriocin typing, and serotyping (14) . Serotyping of the capsular antigen is valuable for long-term epidemiology and reference typing (4, 16) but may not reflect accurately the genetic relationships among isolates. Multilocus enzyme electrophoresis has never been validated for the epidemiology of Klebsiella strains, although the diversity of some housekeeping enzymes has been demonstrated (10, 11, 21) .
Molecular methods for characterization of K. pneumoniae isolates used for epidemiological purposes include randomly amplified polymorphic DNA (7), pulsed-field gel electrophoresis (1), and amplified fragment length polymorphism (18, 27) . However, these methods are mostly used for outbreak investigation at the local level, as their interlaboratory reproducibility is difficult to achieve and as they do not generate highly informative and unambiguous data. Ribotyping is highly reproducible, especially in its automated implementation (3), and was shown to be highly discriminatory in Klebsiella when using EcoRI (1, 7) . However, the interpretation of banding pattern variation has both practical and theoretical limitations (15) .
Multilocus sequence typing (MLST) is a nucleotide sequence-based method that is adequate for characterizing the genetic relationships among bacterial isolates (12, 13, 19) . It provides unambiguous and portable data that allow the implementation of multiuser international databases (17) . We report the development of an MLST scheme for K. pneumoniae and its evaluation for characterization of nosocomial isolates.
Sixty-seven K. pneumoniae isolates were included. First, 39 clinical isolates that had been collected during the SENTRY Antimicrobial Surveillance Program (5) were selected randomly from different European hospitals and clinical sources. This set of isolates with diverse origins was intended to estimate the discrimination of MLST among strains with no documented epidemiological links. Second, we included 19 additional European isolates that were both ciprofloxacin-resistant (MIC Ͼ 2 mg/liter) and ceftazidime-resistant (MIC Ͼ 64 mg/ liter) (5) and 6 isolates collected during an epidemic of ESBLproducing strains on the Caribbean island Curaçao (28) . These 26 strains were included in order to estimate the diversity of genetic backgrounds among multiresistant K. pneumoniae strains. MICs of ceftazidime and ciprofloxacin were taken from a previous study (5) . Six epidemic clusters of isolates (clusters A to F in Fig. 1 ) were suspected when considering the source hospital and the profile of resistance to ciprofloxacin and ceftazidime. Type strain ATCC 13883 T and the genome reference strain MGH78578 were included for comparison. The identification of all strains as K. pneumoniae was confirmed by rpoB and/or gyrA gene sequences (2, 6, 7) .
Primer pairs were designed for PCR amplification and sequencing of internal portions of seven housekeeping genes (Table 1) . Genes were selected (i) to be located far apart on the chromosome (Table 1) , (ii) based on availability of PCR primers (Table 1) , or (iii) for tonB, based on known nucleotide variation (GenBank/EMBL accession numbers AY016749 to AY016767). Other candidate genes were eliminated for technical reasons or to avoid risk of selective bias due to the use of antimicrobial agents (Table 1) . Nucleotide sequences were obtained using Big Dye version 3.1 chemistry on an ABI 3700 apparatus. In order to eliminate the risk of sample mix-up, PCR and sequencing were performed using a molecular biology robot (RoboAmp 4200-PE; MWG Biotech, Courtaboeuf, France). Sequence chromatograms were edited and stored using BioNumerics version 4.01 (Applied-Maths, St. MaartensLatem, Belgium). All nucleotides were supported by at least two sequence chromatograms. A different allele number was and ureD were also amplified and sequenced successfully but were not included due to lower sequence quality in general. Genes gyrA and parC used previously (7) All seven genes could be PCR amplified for all isolates tested. Nucleotide variation was observed at all genes, with 6 to 21 distinct alleles (Table 1) , theoretically allowing more than eight million STs to be distinguished. The seven alleles obtained for genome reference strain MGH78578 were totally identical to the genome sequence at http://genome.wustl.edu. Gene tonB was particular in that two to four codons were deleted in a small number of strains (positions 64 to 69 in strains SB93, SB108, and SB139, positions 83 to 88 in SB1102, and positions 167 to 178 in strain ATCC13883 T ). The number of variable sites per locus ranged from 5 to 18. The average nucleotide diversity (average number of nucleotide differences per site) was 0.0038. Nonsynonymous substitutions were rare (Table 1) , indicating selection against amino acid changes and excluding strong selection bias on the observed allelic diversity, as is typically observed for housekeeping genes.
By combining the seven gene loci, 40 distinct sequence types (STs) were identified. Most groups of strains sharing the same ST belonged to suspected epidemiological clusters (Fig. 1) . eBURST analysis (http://eburst.mlst.net/) revealed the existence of two clonal complexes, one including ST14 and ST15, the other including ST16 to -22. When considering only the isolates with no documented epidemiological link, the discriminatory index (Simpson index) was 96%. Therefore, MLST will discriminate most epidemiologically unrelated strains.
In order to further validate the ability of MLST for K. pneumoniae strain characterization, all 67 isolates were analyzed by ribotyping, which is known to be highly discriminatory in this species (1, 7) . A total of 46 ribotypes were distinguished. Four STs (ST5, ST15, ST23, and ST42) were subdivided into two ribotype profiles (Fig. 1) , whereas ST29 was subdivided into four ribotypes. Importantly, all distinct ribotypes observed within a ST were very similar (Fig. 1) , probably reflecting evolution from a common ancestor. In addition, ribotype variation within an ST was consistent with geographic origin and antibiotic resistance data (Fig. 1 ). Simpson's index, calculated for ribotyping data on the set of isolates with no documented epidemiological link, was 98%.
When considering the 19 ceftazidime-and ciprofloxacinresistant isolates, 11 STs (13 ribotypes) were distinguished. These STs differed among themselves by at least two genes and were distributed across the entire breadth of diversity (Fig. 1) , clearly demonstrating that resistance is not restricted to a few genetic backgrounds and that it is a problem of multiple emergence rather than one of interhospital spread of a few clones. This is in agreement with the common view that ESBL plasmids are easily transferred among K. pneumoniae strains and that quinolone resistance can emerge during therapy.
Inspection of the suspected epidemiological clusters in the light of MLST and ribotyping data revealed that all clusters but one (cluster D) proved to be composed of at least two genotypes. In the case of cluster B, four STs were distinguished, with two groups of isolates, plus two single isolates. Thus, MLST will be useful to sort out which cases are caused by clonal spread and which are not. Importantly, the distinct STs within a cluster differed by at least two loci and also showed very distinct ribotype patterns, which excludes ST or ribotype variation being the result of microevolution from a common index case of infection.
Seven STs were observed in distinct countries (Fig. 1 ). Among these, ST14 corresponded to Curaçao ESBL-producing isolates and a ceftazidime-resistant Italian isolate and ST15 corresponded to ceftazidime-resistant isolates in France, Poland, and Portugal. Both STs may represent resistant K. pneumoniae clones that have spread across countries, possibly mediated by the transfer of hospitalized patients. Alternately, they could result from the independent acquisition of resistance by susceptible genotypes that were initially widespread, as suggested by the finding in different countries of susceptible isolates of ST4, ST5, ST23, and ST37 (Fig. 1) .
Combined with precise epidemiological information and the characterization of antibiotic resistance mechanisms, MLST analysis of larger sample sets should provide a much improved understanding of the evolutionary origin and dissemination of K. pneumoniae multiresistant strains.
Nucleotide sequence accession numbers. Sequences were submitted to EMBL under the numbers AJ890378 to AJ890431 and AJ890476 to AJ890496.
We are indebted to Keith Jolley for making our MLST data publicly available.
